In pediatric patients, hyperammonemia can provoke irreversible damages to developing CNS like cortical atrophy, ventricular enlargement, demyelination or gray and white matter hypodensities which are concordant with alterations of neurons and oligodendrocytes. Cerebral injury triggers endogenous protective mechanisms that can prevent or limit brain damage. Understanding these mechanisms may lead to new therapeutic strategies. We investigated whether ciliary neurotrophic factor (CNTF), a cytokine-like protein expressed by astrocytes and described as an injury-associated survival factor, was up-regulated by ammonia in developing reaggregated 3D brain cell cultures. We showed that CNTF is up-regulated by ammonia exposure, through mediation of p38 MAPK activation in astrocytes. We also observed that SAPK/JNK and Erk1/2 activations in oligodendrocytes and neurons, respectively, also play indirect roles in CNTF synthesis by astrocytes. Co-treatment with exogenous CNTF demonstrated strong protective effects on oligodendrocytes, but not on neurons, against ammonia toxicity. These protective effects involved JAK/STAT, SAPK/JNK and c-jun proteins.
Introduction
Hyperammonemia in neonates and infants is mainly due to defects of the urea cycle enzymes or other inborn errors of metabolism, and causes irreversible damages in the developing CNS such as cortical atrophy, ventricular enlargement, demyelination, and hypodensities of gray and white matter, which are compatible with alterations of neurons and oligodendrocytes. Irreversible lesions occur in prolonged hyperammonemia and/or high blood ammonia levels (for recent reviews, see Cagnon and Braissant, 2007, and Gropman et al., 2007) . The recent use of alternative-pathway therapies detoxifying ammonia improved the survival of patients (Enns et al., 2007) . However, the improved survival was correlated with a worsened neurological and cognitive outcome. Thus, the development of neuroprotective therapeutics is crucial for the improvement of the neurological outcome of neonates and infants experiencing hyperammonemia. Cerebral injury triggers endogenous protective mechanisms that can prevent or limit brain damage. Understanding these mechanisms may lead to new therapeutic strategies.
Among neurotrophic factors, ciliary neurotrophic factor (CNTF) is of particular interest regarding ammonia neurotoxicity. CNTF is a cytokine-like protein, specifically expressed in CNS by astrocytes and acting through a heteromeric receptor complex formed by CNTF receptor subunit (CNTFRα), glycoprotein 130 and leukemia inhibitory factor receptor (Sleeman et al., 2000) . CNTF expression is strongly upregulated in reactive astrocytes adjacent to lesions following several CNS injuries such as focal cerebral ischemia, entorhinal cortex lesion, kainic acid-induced excitotoxicity or intracerebral hemorrhage (Lee et al. 1997; Lin et al., 1998; Choi et al., 2004; Yokota et al., 2005) . Numerous studies have demonstrated strong protective effects of CNTF on neurons and oligodendrocytes in various models of brain injury (Louis et al., 1993; Mitchell et al., 1998; Semkova et al., 1999; Mittoux et al., 2000; Oshitari and chi-Usami, 2003; Ozog et al., 2008) . Moreover, CNTF induces astrocyte swelling (Hudgins and Levison, 1998) , which is often observed in the brain submitted to hyperammonemia (Cordoba and Blei, 1996; Norenberg et al., 2005) . We hypothesized that ammonia could induce CNTF synthesis.
Many of the external signals encountered by cells are transduced to the nucleus by a highly conserved signaling mechanism, the mitogenactivated protein kinase (MAPK) cascades. MAPKs are serine/threonine kinases transducing extracellular signals to intracellular responses that balance survival, differentiation and death of the cell (Xia et al., 1995; Pearson et al., 2001; Weston and Davis, 2007) . Three major conserved pathways of MAPKs have been described: the extracellular signal regulated kinases (Erk1/2 isoforms or p44/p42), the c-Jun NH 2 -terminal kinases (JNK-1, -2, -3 isoforms; also named Stress-Activated Protein Kinase or SAPK) and the p38 kinases (p38 α, β, γ and δ isoforms). We hypothesized that MAPKs pathways could be involved in alterations of CNTF by ammonia.
In this study, reaggregated primary 3D cultures of developing brain cells, derived from fetal rat telencephalon and exposed to ammonia, Neurobiology of Disease 33 (2009) 133-142 
